Abstract-A novel optically transparent, flexible, and mechanically reconfigurable zeroth-order resonant (ZOR) antenna using stretchable micromesh structure is presented in this paper. The size reduction of the antenna is achieved by using the ZOR property, and the uniform metallic patches of the antenna are replaced with the tortuous micromesh. The tortuous micromesh structures provide a high degree of freedom for stretching when encapsulated in elastomeric polymers with added feature of semitransparency. Accordingly, the structure can undergo mechanical deformation such as stretching (up to 40%), folding, or twisting without breakage. The resonant frequency of the antennas is linearly reconfigurable from 2.94 to 2.46 GHz upon stretching.
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I. INTRODUCTION

R
ECENTLY wearable technologies that aim to monitor person's wellness or assist people with diseases have attracted considerable interest. For wearable applications, a variety of sensors, antennas, electronic circuits, and storage systems have been developed. Not only should the wearable devices be small and light, but they should also be able to communicate with other electronic devices. However, the antennas and battery are heavy and take up a large amount of space in the system. In order to produce more compact and lighter system, antenna integrated with a rectifying circuit can be employed to harvest radio frequency (RF) energy eliminating the need for the battery. Thus, an RF antenna plays a significant role in the wearable system.
The antennas for wearable applications should be able to be stretched, folded, and twisted. A lot of flexible antennas, which are fabricated on a flexible copper-clad laminate, have been researched [1] , [2] . One challenge with using a flexible substrate is that the mechanical stability of the metal pattern and rigidity of the substrate are not sufficient for wearable gadgets. To address this issue, stretchable antennas have been developed that use a liquid metal such as mercury and eutectic gallium indium alloy (EGaIn) [3] - [7] . Although liquid metal antennas are mechanically tunable and have high degrees of stretchability, the use of the liquid metal presents a challenge with regard to integration with other system components (e.g., rectifying circuit and RF amplifier). A further challenge is that the antenna may fail to operate properly due to the leakage of the liquid metal if the sealing layer for the liquid metal is even slightly torn or has small holes. Alternative to using liquid metal antennas is the textile-based antenna using metal-coated polymer fibers (e-fibers) [8] , [9] . To create such antenna, the conductive textile surface was embroidered to form the antenna. However, because the e-fiber used in these antennas is not stretchable, they are difficult to use for frequency-tunable applications. A further drawback is that the efficiency of this antenna tends to be lower because of electrical contact loss between the e-fibers and the high roughness of the textile.
In order to realize reconfigurable antenna, various mechanisms such as a switch and varactor diode have been employed. Many reconfigurable antennas with electrical switches (e.g., RF microelectro-mechical system (MEM) switch, pin diode, MEMs capacitor, and varactor diode) have been developed by interconnecting the adjacent segments of the antenna elements [10] . For RF-MEMs switch and pin diode, the reconfigurability is limited due to the discrete nature of the switch [11] , [12] . In addition, since varactor diodes and MEMs capacitor provide variable capacitance according to the voltage bias, continuous ranges of frequency reconfigurability of the antenna are obtained [13] , [14] . However, in order to operate the switches, a large RF bias network is needed and the switches suffer from nonlinear effect and parasitic parameters. On the other hand, mechanical tunability could be exploited because it is linearly tunable over a wide range of frequency band and does not require a bias network [15] - [17] . Furthermore, optical transparency is desirable to meet the space requirement of the wearable devices for practical applications (e.g., transparent smartphone and contact lens display) [18] . Thus, the transparent antenna is intended for the wearable electronics or implantable medical devices where it can be easily camouflaged. In order to provide the optical transparency and electrical conductivity, graphene, nanoparticlebased electrodes, and indium tin oxide (ITO) films have been studied for decades. However, studies have shown that due to the low conductivity, relatively thick layers are needed to operate efficiently in the desired RF range. In addition, ITO film is rigid and brittle and therefore not suitable for wearable applications.
This paper describes a new method for fabricating semitransparent and stretchable RF small antennas by using stretchable micromesh structures. These antennas are smaller and lighter than the conventional antennas. Size reduction is achieved by using the zeroth-order resonant (ZOR) property [19] . The antennas consist of a series of tortuous micromesh structures, which provides a high degree of freedom for stretching when encapsulated in elastomeric polymers. Accordingly, the structure can undergo mechanical deformation such as stretching, folding, or twisting without breakage. These antennas can be stretched up to 40% in size without breaking and easily return to their original shape after the force is removed. According to the increase in the tensile strain, the resonant frequency of the antennas is almost linearly reconfigurable from 2.94 to 2.46 GHz. In addition, they are semitransparent due to the large openings in the mesh and the optical transmittance increases under high strains. Therefore, the proposed antennas could be used for the applications such as reconfigurable antennas, antennas for transparent and curved spaces, and wearable sensors. 
II. MECHANICALLY RECONFIGURABLE ANTENNA DESIGN
A. Antenna Design Fig. 1 shows a transparent and stretchable compact ZOR coplanar waveguide (CPW)-fed antenna. The antenna consists of the metallic patch, shorted meander line, interdigital slot, and CPW ground. In order to be stretchable and optically transparent, we replace the uniform metallic patches in the traditional antenna configuration with a tortuous wire micromesh design. It can be replaced without loss of performance since the period of the mesh are roughly smaller than λ 0 /1100 [20] , where λ 0 is free space wavelength. Fig. 2 (b) depicts a circuit model for the lossless unit cell of epsilon negative (ENG) metastructured transmission line (MTL) model which is represented as the combination of a per-unit length series inductance (L R ), and a shunt capacitance (C R ), and a per-unit length shunt inductance (L L ). The shunt components of the unit cell are obtained from the shunt capacitance between the top patch and CPW ground, and a shunt inductance of the shorted meander lines as shown in Fig. 2(a) . In addition, the L L and C R include additional inductance and capacitance formed by the tortuous metal micromesh. The coupling capacitance (C c ) created by an interdigital capacitance in the equivalent circuit model of ZOR antenna is introduced and responsible for only impedance matching. Given that only shunt components (Y ENG ) of the unit cell determine the resonant frequency of the open-ended resonator, the average electric energy and the average magnetic energy are stored in 
where Z and Y are the per-unit length impedance and admittance, respectively [19] , [21] , [22] . If the frequency band (ω) is smaller than 1/ √ L L C R , the ENG MTL has positive permeability and negative permittivity so that it has single negative stopband. The ENG has the unique characteristic of an infinite-wavelength wave at the boundary of passband and stopband. Therefore, ZOR occurs when the MTL has zero permittivity.
Based on the open-ended structure, the resonant frequency of the mechanically reconfigurable antenna based on ENG MTL is determined by
where L L is the inductance of shorted meander line and C R is the capacitance between the metallic patch and CPW ground, respectively, as shown in Fig. 2(a) . It indicates that the ZOR frequency is determined only by the shunt inductance and capacitance and therefore independent of the physical length of the resonator. Thus, a small antenna based on the zerothorder condition is implemented and the resonant frequency of the antenna can be controlled with applied mechanical force. Fig. 3 shows the magnitude of electric field at zerothorder mode. Since the magnitude of the electric field in the interdigital slot is more dominant than others, the interdigital slot makes the main contribution on the antenna radiation pattern. Although the CPW ZOR antenna is similarly radiating from slots, the dominant magnetic current source is one slot which is located at the feeding line. The other magnetic current sources from three slots are weaker because the signal and ground planes are far away. Accordingly, this antenna looks like an ideal magnetic dipole rather than a magnetic loop. As a result, the E-and H -planes of the proposed antennas become xz and yz planes by duality, respectively. Generally, the discontinuity in CPW structure makes less radiation than the microstrip. The asymmetric antenna has more discontinuity than symmetric antenna. In addition, to obtain the change the inductance (L L ) by applying mechanical means, the vertically oriented meander line is used than the horizontally oriented meander line in our antenna as shown in Fig. 2(a) . Fig. 4(a) and (b) shows the meander-shape inductors positioned in vertical and horizontal orientations, respectively. The meander line is connected between the metallic patch and the CPW ground as shown in Fig. 2(a) . It can be modeled as an equivalent inductor because it is considered as a shorted transmission line. In order to realize the meander line, the tortuous meshed conductors are orthogonally placed. The vertically oriented meander line has longer conductors with length l v1 and width w v1 in the direction of force and shorter conductors with length l v2 and width w v2 in the perpendicular direction of force as shown in Fig. 4(a) . Appropriate self and mutual inductance values are determined by the optimal arrangement of the size parameters. According to the applied tensile strains, the parameters of the vertically oriented meander line are changed. The l v1 and w v2 increase, and l v2 and w v1 decrease. The horizontally oriented meander line consists of shorter conductors with length l h2 and width w h1 in the direction of force and longer conductors with length l h1 and width w h2 in the perpendicular direction of force as shown in Fig. 4(b) . When the tensile strain is applied in the vertical direction as shown in Fig. 4(c) , the l h2 and w h2 of the horizontally oriented meander line increase, but l h1 and w h1 decrease. The inductances and capacitances are extracted from a circuit (Advanced Design System 2015) and full wave [Ansys High Frequency Structure Simulator (HFSS) 15] simulator regarding the meander line shapes and applied tensile strains. To obtain the circuit parameters, the micromesh is drawn directly in the simulation, and the values of the circuit parameters (L L , C R ) are extracted from the S-parameters [23] . A shorted meander line with CPW ground consists of a shunt capacitance and inductance (C R , L L ), and it is simulated in Ansys HFSS. Its S-parameter is used in order to extract equivalent circuit parameters. The series inductance (L R ) can be modeled by the network. The shunt inductance (L L ) and capacitance (C R ) can also be modeled by the T network. Those network and T network are analyzed to find the corresponding parameters for the equivalent circuit. For a two-port network, the impedance parameters and admittance parameters are determined. Thus, the admittance and impedance matrices are obtained for the C R , L L , and L R . The extracted parameters are Table I . Thus, it shows the influence of the orientation of the meander lines according to the different strains. Apparently when a tensile strain is applied along the vertical direction, the inductance of the vertically oriented meander line varies much more than that of the horizontally oriented meander line. Thus, the vertically oriented meander line is preferred to obtain widely mechanically tunable resonances.
B. Orientation of Meander Line
C. Design of Tortuous Micromesh
The metallic patch of the antenna in Fig. 5 can be replaced with micromesh to be optically transparent as well as to have good electric conductivity. The straight wires are wound to be stretchable so that it effectively lead to the miniaturization of the linear dimension of the micromesh. The antennas based on the metallic patch, straight mesh, and tortuous mesh are simulated in Ansys HFSS and the 10 dB bandwidth, resonant frequency, and realized gain are tabulated in Table II . Although tortuous mesh has slightly broader 10 dB bandwidth and lower gain because of low conductivity, it still has same resonant frequency compared with the metallic patch. Typically the metallic patch and straight mesh are easily broken with a small tensile strain because of the high Young's modulus (117 GPa) of the copper. In order to withstand the applied tensile strains, the strength applied to the mesh should be lower than the yield strength. Prior to the yield point, the material can be deformed elastically and will return to its original shape when the applied stress is removed. To decrease the stress applied to the mesh as well as to increase the structural ability of mesh to be elongated, we used a tortuous metallic mesh rather than the straight wire mesh. Specifically, we designed two types of tortuous meshes which we then used to fabricate our structurally stretchable and semitransparent antenna. Fig. 6(a) shows the mechanical simulation of meshes with Comsol 4.4. The results are based on finite element method and it presents the calculated stress localized in the stretched mesh. In our designed tortuous micromesh, the maximum stress is 44.14 MPa with 50% of tensile strain. Because of this characteristic, our tortuous micromesh is more durable than straight line mesh in terms of the tensile strain. To make the tortuous wire micromesh structure, it is worth noting that the narrower wires tend to be more stretchable than the wider ones. Thus, to withstand the applied tensile strains, the geometrical parameters of the unit cells of the micromesh are optimized and determined. Fig. 6(b) and (c) shows the zoomed-in view of the unit cells of our two tortuous wire micromesh designs. In order to avoid multiple contacts at the intersection of the wires, the first tortuous mesh is designed by mixing tortuous wires with tortuous lines with a period of 78.25 μm in the horizontal direction and a period of 63.18 μm in the longitudinal direction, respectively, as shown in Fig. 6(b) . Between the intersections in the horizontal direction, the wires with a high undulation amplitude and a short period are connected to increase the ability of wires to elongate. The second tortuous mesh is designed with a tortuous line with a period of 78.25 μm in the horizontal direction and the straight line with a period of 60 μm in the longitudinal direction, as shown in Fig. 6(c) . In addition to the elongation, another advantage of using the tortuous mesh is that the linear dimension along the current path of the antenna is reduced while at the same time maintaining good optical transparency and electrical conductivity. Table III   TABLE III   RELATIONSHIP BETWEEN OPTICAL TRANSPARENCY AND ELECTRICAL  CONDUCTIVITY IN TERMS OF THE DESIGN OF MICROMESH shows the ratios of opening area to total area of micromesh unit cells. Generally optical transparency and electrical conductivity change in opposite directions. In addition, 400-μm-thick polydimethyl siloxane (PDMS) has 8% of an additional reflection, and high aspect ratio of metal may make additional scattering. If we use larger period micromesh structure as shown in Table III , the higher optical transmittance can be obtained. Thus, the size of the opening of micromesh can be selected to determine the optical transparency and electrical conductivity requiring to the practical applications. The figure of merit (FoM) has been widely used to evaluate the overall performance of transparent conductive electrodes [25] , [26] . The FoM is defined as the ratio of the electrical conductivity to optical conductivity (σ dc /σ op ) where σ dc is the electrical conductivity at dc and σ op is the sheet conductivity in the optical frequency range. The larger FoM represents the better performance, and the optical transparency (T ) is determined by
where Z 0 is the free space impedance (377 ) and R S is the sheet resistance of the metallic tortuous micromesh. T is typically measured at a wavelength λ = 550 nm which is the maximum of the human eye luminosity. The FoM of our tortuous micromesh is more than 5k which is much higher than other transparent conductive electrodes [27] - [30] .
III. ANTENNA REALIZATION AND EXPERIMENTAL RESULTS
A. Antenna Fabrication
We have previously developed different techniques to make metal-grid type transparent conductors [31] - [33] . However, for RF antenna application, the sheet resistance needs to be significantly lower. Fig. 7 shows the schematic of the new fabrication process to produce the tortuous micromesh antenna with sufficiently high conductivity by using thicker metal. Copper is employed for the antenna because of its excellent conductivity (59.6 × 10 6 S/m), ductility, low cost, and light weight. A fused silica substrate is first coated with a 150 nm thick a-Si layer deposited by plasma enhanced chemical vapor deposition (PECVD), which works as a sacrificial layer that will be removed later in the fabrication process. A 40 nm Cu film is deposited on the substrate to serve as the seed layer for the subsequent Cu electroplating. The antenna of tortuous micromesh is defined by photolithography process. The patterned resist was used as the mask for the Cu plating, which produces a 4.7 μm thick tortuous Cu mesh pattern. After the resist is removed, the Cu mesh is encapsulated by a PDMS layer, which is flexible and optically transparent. It was also used for maintaining the shape of micromesh as well as protecting the metal wire from mechanical damage when they are stretched. Then the PDMS and the Cu mesh embedded in it are separated the substrate by removing the a-Si layer by xenon difluoride (XeF 2 ) gas [34] . Finally, another PDMS layer is laminated onto the Cu mesh side to conclude the flexible antenna fabrication, and the total thickness of PDMS is about 400 μm.
B. Experimental Results
The proposed antenna is fabricated and embedded in a commonly used elastomer PDMS with a relative permittivity of ε r = 2.80 and loss tangent of tan δ = 0.02 as shown in Fig. 8 . The fabricated antenna is connected to an SMA connector. The impedance of the antenna is matched to 50 . The antenna was measured using a vector network analyzer (Agilent E5071B). The actual conductivities of the micromeshes are measured by four points probe, and the measured conductivities are used as the effective conductivities in full wave simulation. Fig. 9(a) and (b) shows the simulated and measured return loss (S 11 ) along with increasing the tensile strains (0%, 20%, and 40%). As the tensile strains increase, the resonant frequencies of antennas are decreased from 2.94 to 2.46 GHz, which shows good agreement between the simulated and measured results. The mechanical stretching device is used to obtain the different stretchability in the measurement. The measured con- ductivity and thickness of the fabricated micromesh are used to simulate the antenna. The overall area of the radiating aperture is very small and approximately 0.08λ 0 × 0.11λ 0 × 0.004λ 0 (8.32 mm × 11.6 mm × 0.4 mm) at 2.92 GHz. The optical transmittances of the tortuous micromesh structure increase with increased stretching because of the large opening ratio of the mesh, which measures 32%-44% in the wavelength range of 400-800 nm depending on the level of stretching (i.e., strain ratio) as shown in Fig. 10 . The radiation patterns of the fabricated antenna were measured with the mechanically stretchable device in the anechoic chamber. The stretchability of the antenna is controlled with a mechanically stretchable devices as shown in Fig. 12 . One side of the mechanically stretchable device is fixed, and the other side is moving to stretch the antenna from 0% to 40%. In order to reduce the unwanted reflections, nonconductive plastic is used to design the mechanically stretchable device. The antenna under test (AUT) is placed on a rotating Styrofoam platform in the chamber. The AUT is then connected to a signal generator (Agilent N5183A). A standard horn antenna is connected to a spectrum analyzer (Hewlett Packard 8529L) to measure the received power by using a data acquisition program. By rotating the AUT, the received power is measured by the horn antenna so that the radiation patterns are measured. Combined with the measured values, the antenna gain is calculated using the gain comparison method [35] . In this method, Friis transmission formula is utilized for the calculation of the unknown antenna gains. To do this, the AUT is replaced with a reference horn antenna with a known gain. By comparing the received power of the AUT and the reference antenna, the gain can be calculated. Fig. 11 (a) and (b) shows the measured radiation patterns on the xz plane (E-plane) and yz plane (H -plane) at 2.92 GHz. As the tensile strains are increased from 0% to 40%, the measured gains slightly decrease because their effective conductivity are decreased. According to the increase of the tensile strians, the measured gains of the antenna for design 1 has the −0.21, −0.39, and −0.53 dBi, respectively. In addition, the measured gains of the antenna for design 2 has the −0.02, −0.14, and −0.29 dBi, respectively. As the tensile strain is applied from 0% to 40%, the antenna gain is slightly decreased because the effective conductivity slightly varies from 3.28 × 10 4 S/cm to 3.12 × 10 4 S/cm. Fig. 13 shows the measured radiation patterns at their resonant frequencies (2.46, 2.73, and 2.94 GHz) in response to the increase of the tensile strain. The radiation patterns of the antenna are not significantly changed by the applied tensile strains. The overall antenna performances of our antennas are compared with those of previously reported flexible antennas in Table IV . Although other antennas in Table IV are flexible, they are not transparent or stretchable. However, since our antennas are realized based on the tortuous micromesh, they provide optical transparency as well as structural stretchability. In addition, they can be a smaller size than other flexible antennas because of the use of the zeroth-order mode.
IV. CONCLUSION
In conclusion, we demonstrated a transparent, reversibly deformable, and frequency reconfigurable small antenna by utilizing the tortuous micromesh structures, which provides excellent electric conductivity, flexibility, stretchability, as well as optical transparency. The resonant frequency could be tuned by mechanically elongating the meandering line of the antenna. Such tunable antenna could be potentially used for the transparent, flexible, and stretchable RF wearable applications.
